1 mol of iron protoporphyrin IX per mol of enzyme, and exists as a series of isozymes of pI 3.2-4.0 (2, 3, 5, 6) . LiP catalyzes the H202-dependent oxidation of a variety of lignin model compounds in the following multistep reaction sequence:
LiP(Fe3+)P + H202 --LiP-I(Fe4+-O)F + H20.
In this scheme, R is substrate and P is porphyrin. LiP compound I (LiP-I) carries both oxidizing equivalents of H202, one as an oxyferryl (Fe4+-O) center and one as a porphyrin ir cation radical (P ), whereas LiP compound II (LiP-I) carries only one oxidizing equivalent. The substrate R is oxidized by compound I to an aryl cation radical with subsequent nonenzymatic reactions yielding the final products (2, 3, (7) (8) (9) . P. chrysosporium also is able to degrade a variety of aromatic pollutants (10) (11) (12) . Overall, the LiP reaction cycle is very similar to that of horseradish peroxidase (13) .
Despite the similarities and differences between LiP and other peroxidases, important questions regarding the mechanism of LiP and its exact role in lignin degradation remain unanswered. For example, the unique capacity of LIP to oxidize nonphenolic compounds with high redox potentials (2, 3, (7) (8) (9) , the basis for the low pH optimum near pH 3.0 (14) (15) (16) (17) , and the sensitivity to excess H202 (18, 19) are not understood in detail. Moreover, the mechanism of degradation by LiP of polymeric lignin (2, 3, 20) either directly or possibly indirectly via a mediator also is not clearly understood. To elucidate the detailed molecular structure and mechanism of LiP, we have determined the crystal structure of this peroxidase. I I METHODS AND MATERIALS Crystalization. One of the major isozymes of LIP (LiP-2) from P. chrysosporium strain OGC101 was purified according to earlier procedures (14, 19 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The averaged MIR map allowed for a preliminary chain tracing by using the published sequence (22) . It became evident during this stage that the overall fold of LiP closely follows that of cytochrome c peroxidase (CCP), the only other heme peroxidase for which a high-resolution structure is available (23) even though the sequence homology is <20o (24) . Nevertheless, once it became clear that the helices in both structures were similarly arranged, model building and refinement proceeded more smoothly. The model was subjected to several rounds of restrained least-squares refinement using the fast Fourier transform version of PROLSQ (25, 26) . Sim weighting (27) was used to combine the probability distributions of the MIR phases and calculated phases (28) . A new map using figure-of-merit weighted Fos and combined centroid phases then was used for the next round of model building. In the early stages ofphase combination, only those reflections for which there were MIR phases were combined.
This procedure was continued for four rounds of model building, refinement, and phase combination. Nevertheless, refinement did not converge and several regions remained difficult to interpret. In an attempt to improve the initial MIR map, derivative-parent difference Fouriers were reexamined by using calculated phases based on the model, which included -80%o of the expected protein atoms. As anticipated, these maps confirmed the location of heavy atom sites but also indicated two more sites in the uranyl 1 and three in the mercury derivatives. The occupancy of the new uranyl site was -0.28 after refinement to be compared with the two main sites, which exhibited occupancies of0.53 and 0.56. The new mercury sites also yielded refined occupancies about half that of the two main mercury sites. MIR refinement was repeated with the PHASES package of programs** with these additional sites leading to a higher figure of merit at 2.6 A resolution (Table 2 ). This MIR map was considerably better than the original map. The newer MIR map was subjected to solvent leveling with a 30% solvent cutoff resulting in an average change in acentric phase of 230. The leveled map was next averaged about the noncrystallographic twofold axis.
For refinement of the noncrystallographic rotation/ translation matrix, a 20-A box of density centered on the iron atoms was used since this region represented the most highly ordered and clearest parts of the MIR map. The correlation coefficient after refinement was 0.56.
The resulting orientation matrix then was used to average volumes of densities corresponding to both LiP molecules. The model was rebuilt using the new MIR, leveled/averaged, and combined phased maps. Despite the low solvent cutoff due to the relatively low solvent content of the crystals, solvent leveling did improve the map and allowed for successful interpretation of difficult regions. Molecule 1 in the asymmetric unit was extensively rebuilt and the noncrystallographic rotation matrix was used to generate molecule 2. The model was subjected to 10 more rounds of restrained least-squares refinement, giving an R factor of 0.40.
At this stage simulated annealing refinement using X-PLOR (29) was used. One round of simulated annealing using the slow-cooling protocol recommended by Brunger (30) lowered R from 0.42 to 0.27. The procedure was repeated with a starting temperature of4000 K instead of 3000 K, followed by refinement of an overall isotropic temperature factor. X-PLOR was most useful in fitting molecule 2 in the asymmetric unit and in obtaining a better orientation matrix that relates molecule 2 to molecule 1. As a result, model building became less time consuming since only one molecule need be fit to the electron density map, with the second generated by the orientation matrix, and X-PLOR was used to "force" a better fit for molecule 2. The overall major advantage in using X-PLOR was in the reduction of time spent fitting to the electron density map.
The final R factor is 0. RESULTS AND DISCUSSION Molecular models of CCP and LiP shown in Figs. 2 and 3 illustrate the striking similarities between the two peroxidases despite the fact that the sequence identity is <20%o (24) .
Most striking is the similar arrangement of 11 helical segments and a limited amount of, structure in the proximal (lower) domain. The extra residues in LiP not present in CCP extend from an extra C-terminal segment that traverses over the surface of the enzyme with no regular extended elements of secondary structure. The last 6 residues have not been included in the current LiP model. LiP differs from CCP in having 4 disulfide bridges (Fig. 2) .
In both peroxidases, the heme is sandwiched between helices B (distal) and F (proximal; Fig. 3 ). In both proteins, one heme edge is situated at the bottom of a crevice formed by the surfaces of both domains. Nevertheless, in LiP this crevice is smaller, owing to side-chain interactions, whereas the same pocket in CCP is more open. This structural difference was anticipated from the work ofDePillis et al. (31, 32) , who found that the heme edge is available for modification with aryl hydrazines in CCP (31) but not in LiP (32 (Fig. 1C) . The average distance of this water from the iron atom in the two LiP molecules in the asymmetric unit is 2.5 A compared to 2.4 A in CCP. This distance is consistent with a variety of spectroscopic studies, which indicate that, like CCP, LiP is predominantly high spin and pentacoordinate (33) (34) (35) . The proximal pocket also is very similar in that in both LiP and CCP the proximal histidine ligand is hydrogen bonded to a buried aspartic acid side chain. We have postulated elsewhere that this hydrogen bond imparts a greater anionic character to the histidine ligand than in other heme proteins, such as the globins, and therefore provides additional stability to the ferryl (Fe4+) iron in compound I (36, 37) . Overall, these similarities support the view that the detailed mechanism of compound I formation proposed for CCP (36, 37) operates in LiP as well.
The most striking difference in the active site was anticipated from sequence comparisons-that is, the substitution of tryptophan residues in both the proximal and distal pockets of CCP with phenylalanine in LiP (Fig. 4) . This probably explains in part why LiP compound I has a porphyrin ircation radical and in CCP compound I the radical is centered on an amino acid side chain. Moreover, CCP is relatively rich in amino acids that can be oxidized (7 tryptophans, 14 tyrosines, 5 methionines, 1 cysteine), whereas LiP has no tyrosines, 3 tryptophans, 8 methionines, and no free cysteines. Only Met-172 actually contacts the heme in LiP, while both Trp-51 and -191 contact the heme in CCP. (3,4-dimethoxybenzyl alcohol) and, although it is not known whether LiP directly attacks lignin, LiP very likely is directly involved in lignin degradation (2, 3, 20) . In sharp contrast, CCP is not very effective at oxidizing small aromatic molecules and appears to be the only peroxidase in this group to be specifically designed to interact with another macromolecule, cytochrome c. LiP also exhibits a very low pH maximum (near pH 3), which controls the reduction but not the formation of compound 1 (14, 17, 38) . Such a low pK for activity would suggest a carboxylic acid side chain somehow participating in the reaction (17, 39 within the heme pocket, although, as with CCP, the proximal histidine ligand hydrogen bonds with a buried aspartic acid side chain (Fig. 4) (24) . Disruption of this hydrogen bond at elevated pH could adversely affect activity by causing structural perturbations. Such perturbations, however, could not be so large as to alter compound I formation since the rate of compound I formation is, as with CCP, insensitive to pH from pH 3-8 (14, 38, 40) . Alternatively, the pH dependence could have as much to do with the control of the LiP compound I redox potential. In both CCP (40) and horseradish peroxidase (41) , the redox potential of compound I increases with decreasing pH making compound I a better oxidizing agent at low pH. If the same pattern holds for LiP compound I, then the low pH optimum for LiP may simply reflect the higher redox potential needed to oxidize nonphenolic substrates.
As this manuscript was being reviewed, the refinement of LiP continued and the current R factor is 0.15 at 2 A. While many more details are now visible, the primary conclusions based on the 2.6-A structure described in this paper are consistent with the higher-resolution refined structure. A detailed description of the higher-resolution model will appear elsewhere (42) . 
